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Intrinsically, single walled carbon nanotubes (SWCNTs) are excellent candidates for electrochemical
double layer supercapacitor (EDLC) electrodes, owing to their high electrical conductivity, high
accessible surface area, and high aspect ratio/connectivity, which provide exceptional intrinsic
gravimetric energy and power densities. However, in practice, local bundling due to strong intertube van
der Waals interactions reduces the effective surface area; at larger scales, the bundling also creates low
density networks that limit the volumetric electrochemical performance of practical electrodes. In this
study, reductive charging is used to dissolve individual SWCNTs and assemble them to form relatively
dense (0.34 g cm™), thick (38 pm) ‘buckypaper’ electrodes, with high electrical conductivity (>400 S cm™).
Intermediate charging ratios (C:Na = 10:1) and carbon concentrations (0.125 M) provide greater SWCNT
solubilisation and individualisation, and correlate with maximum volumetric capacitance of 74 F CMelectrode
at 10 mV st in 1 M H,SO,. These optimised half-cell electrodes were implemented in full symmetric cell
devices, prepared in both aqueous and ionic liquid electrolytes, using a bespoke bacterial cellulose (BC)
ultrathin separator (7 microns) to minimize parasitic mass/volume. The full cell performance in ionic
liquid reached maximum energy and power densities of 2.6 Wh kg™ (2.2 mWh cm™), and 10.2 kW kg™*

Received 17th November 2020, (83 W cm™), respectively, normalised by the total mass and volume of device (electrodes, electrolyte,

Accepted 2nd February 2021 and separator; no separate current collector is needed). The relatively effective transfer of half-cell to
DOI: 10.1039/d0ma00898b full-cell performance is encouraging but could be optimized further in future. Appropriate normalisations

for supercapacitor electrodes and devices are discussed in detail. Thin BC-based separators have wide
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Introduction

Carbon-based materials have excellent physical and chemical
properties, are abundant, and available in bulk, making them
suitable electrodes for supercapacitors.> Amongst this large family,
single walled carbon nanotubes (SWCNTs) are particularly pro-
mising, owing to their outstanding electron transport, high elastic
modulus, tensile strength and excellent thermal properties.*”
Electrochemical double layer (super)capacitors (EDLCs) based
on SWCNTs have high power density due to their high electrical
conductivity, chemical stability, accessible porosity and high
specific surface area.® Literature values for the intrinsic gravi-
metric double layer capacitance of SWCNT electrodes range
between 20 to 300 F g ', relative to the mass of the active
carbon in a half-cell electrode.”®
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applicability to other electrochemical devices.

The wide range of capacitive performance reflects the
SWCNT type, their purity, and the electrolyte used, as well as
the device architecture and the methodology used for
measurement.'® A key microstructural factor is that n-r inter-
actions cause strong rebundling of SWCNTs, reducing the
active surface area, and associated capacitance. Various methods
have been proposed to individualise SWCNTs for application,
including intense sonication or other methods of mechanical
shear.’ However, these approaches tend to both shorten
SWCNTs and degrade their intrinsic properties. Reductive charging
provides a means to overcome the van der Waals interactions,
without damaging the SWCNT structure, by introducing
Coulombic repulsions.'” Negatively-charged SWCNTs (“nano-
tubides”) form thermodynamically-stable solutions of indivi-
dual, undamaged species at high concentrations.'** There are
a wide range of methods to prepare nanotubide solutions, but
one of the simplest and most scalable, is the one-pot reduction
of SWCNTs in N,N-dimethylacetamide (DMAc), using an
organic charge transfer agent (sodium naphthalide, NaNp)."?
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The resulting solutions are useful both for liquid-phase processing
and subsequent reactions with a range of electrophiles. Previously,
these nanotubide solutions with concentrations on the order 1 mg
ml ! were cross-linked with dielectrophiles to form gels. The gels
were freeze-dried to form aerogel (cryogel) electrodes with high
surface area (766 m”> g~ ') and reasonable conductivity (9.4 S m™").
These properties are attractive for supercapacitor electrodes with
high rate capability and cycling efficiency, and resulted in high
gravimetric performance.™

In the literature, supercapacitor performance is frequently
reported normalised only to the mass of the active electrode
material. From this perspective, both ultra-thin films and
porous networks appear to offer a remarkable (gravimetric)
performance. Highly porous structures, such as SWCNT aerogels,
provide an efficient, lightweight, 3D network structure, with high
surface area, and excellent electron/ion transport in energy storage
devices."” However, whilst these data fairly highlight the excep-
tional intrinsic performance of SWCNTs, they are misleading
when it comes to practical application. Ultrathin films (<1 pm)
provide negligible active mass compared to the parasitic mass of
the remainder of the cells. In addition, SWCNT aerogels have
ultralow packing densities, typically consisting of >99% pore
volume; in a real device, this volume must be filled with dense
electrolyte, dramatically increasing the effective electrode mass.
At the same time, the low density implies a poor electrochemical
volumetric performance, which is important in many practical
applications such as compact electronic devices and power
management in electric vehicles.'®"” For example,'® a low density
SWCNT aerogel (0.013 g cm ™) shows extremely high gravimetric
energy density at ~40 Wh kg~ " while its volumetric energy density
is only ~0.52 mWh cm . Incorporating a practically useful active
electrode mass (relative to other cell components, such as the
separator or current collector) implies a thick aerogel electrode
which may have a high equivalent series resistance (ESR),
decreasing the performance further. Whilst it is possible to
reduce the thickness of aerogels by capillary collapse or mechanical
compression, the SWCNTs tend to rebundle.'® This aggregation
reduces surface area and associated EDLC, as well as disrupting
ion transport path and increasing charge transfer resistance. For
real application, the SWCNT electrode architecture must be
designed to maximise volumetric performance, electrical con-
ductivity and ion transport, at high areal mass loadings.*
SWCNT ‘buckypapers’ are dried films, typically prepared by
filtration. In principle, they are promising candidates for super-
capacitor electrodes, but generally suffer a poor architecture
derived from the challenges of solvent processing. There is scope
to develop improved ‘buckypapers’, designed to offer individua-
lised SWCNTs, with high aspect ratio, in thick films with high
bulk density. Such electrodes should offer lower contact resistance,
higher conductivity, and higher volumetric performance than
SWCNT aerogels.**

In addition, the integrity and high conductivity of SWCNT
buckypaper electrodes means that conventional binders and
current collectors can be avoided, in principle increasing
specific energy density by reducing the inactive mass and
volume of overall device.”>**
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Whilst the nature of the active electrodes is critical, the
volumetric performance of a full device also depends on the
separator. The ideal separator must minimise ionic resistance
whilst preventing any electronic short circuit between the two
electrodes. Generally, thin highly porous membranes provide
the lowest resistive losses, and maximise volumetric perfor-
mance, but they must remain mechanically robust.>* Cellulose,
polytetra-fluoroethylene (PTFE), polyethylene and polypropylene
membranes are well-known separators for aqueous supercapacitors.
The thickness of commercial separators are roughly around 20-
50 um, including for example, 25 um for TF4425 (cellulose),
23 pm for GORE (PTFE) and 25 um for Celgard2400 (polypropy-
lene) separators, respectively.>>?® Reducing the thickness of
these established separators may have adverse effects on the
mechanical strength, cyclic stability and safety.>” Alternative
membranes are needed that can provide reliable mechanical
separation at lower thickness.

In this study, we aimed to produce a full supercapacitor cell
with excellent overall gravimetric and volumetric performance,
by optimising the nanostructure of both electrodes and separator.
Since individualised SWCNTs offer maximum electrochemical
performance, reductive charging was used to prepare the electrode
constructs. SWCNT/DMAc concentration ([C]), charging ratios of
carbon to sodium (C:Na) and/or degree of charge are known to
control the level of CNTs solubilisation, therefore the conditions
were optimised to maximise effective surface area of the electrodes
and consequently capacitance. To fabricate a thinner, highly
porous membrane, we explored the use of bacterial cellulose
(BC) nanopaper, due to its high surface area (605 m* g~ '), good
porosity (65%), light weight (15 g m™?), micrometre-scale thick-
ness and high tensile strength.”® Full cells were then prepared
using BC as a separator to maximise performance with an aqueous
electrolyte. In order to improve specific energy density, higher
voltage cells were produced using an ionic liquid electrolyte.>>*°

Experimental
Materials

Tuball75 single walled carbon nanotube powder was supplied
by OCSiAl Ltd.** Sodium (99.95%, ingot), naphthalene (99%),
dimethylformamide (DMF, 99.8%), ethyl-methyl-imidazolium
bis(trifluoromethylsulfonyl)-imide ([EMIM][TFSI], >98% (HPLC),
<0.5% water) and dimethylactamide (DMAc, 99.8%) were pur-
chased from Sigma-Aldrich UK and sulphuric acid (97%) was
purchased from VWR UK Ltd. Naphthalene was dried under
vacuum overnight over phosphorus pentoxide (P,Os) before
using in a glove box. DMAc was dried over 20% volume, activated
molecular sieves (3 A) before use in the glove box. All gases were
supplied by BOC, UK and PTFE membranes were provided by
Fisher Scientific Ltd.

SWCNT purification via NaNp/DMAc

300 mg of raw SWCNT powder (25 mmol) were reduced with
Na/naphthalene solution (1 mg ml™') in DMAc, following a
procedure reported elsewhere.*'

© 2021 The Author(s). Published by the Royal Society of Chemistry
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SWCNT reductive dissolution

250 mg of purified SWCNT powder were dried in a quartz tube,
which was sealed and connected to a turbo pump (Leybold PT 70F)
using a metal Swagelok joint. The quartz tube was evacuated to
approximately 10°° mbar, and heated up to 500 °C, in a tube
furnace, with a ramp rate of 15 °C min~ " and a dwell for 20 min
every 100 °C. The temperature was maintained at 500 °C for 10 h,
before allowing the quartz tube to cool overnight under vacuum
before transferring it into an mBraun glove box (nitrogen atmo-
sphere, <0.1 ppm water, 0.1 ppm oxygen). For preparing reductive
stock solution, 50 mg of sodium and 278 mg of naphthalene were
stirred in 50 ml of DMAc overnight using a glass stirring bar. The
sodium naphthalide (NaNp) was added to purified SWCNTs
powder. The ratio between mol C:mol Na varied from 5:1 to
15:1 (molar ratio). The nanotubide solution was stirred for 24 hours.

Nanotubide buckypaper

Nanotubide buckypaper was prepared by diluting the nanotubide
solution to 1-4 mg ml~" with additional dry DMAc and using a
syringe to dose the nanotubide solution onto a PTFE membrane
(0.1 pm) with 3.78 cm diameter placed on a filtration system inside
the glove box. The volume was adjusted so that each piece of
buckypaper contained 7 mg of SWCNTs. After leaving the solution
to settle for 24 hours, the nanotubide buckypaper was taken out from
the glove box in a sealed glass flask with a suba-seal stopper and
then quenched with dry air (N,/O,, 80/20) to remove the remaining
charge. To remove the remaining impurities, and salt by-products,
the quenched nanotubide buckypaper was washed with DMF,
water and ethanol via solvent exchange. Finally, nanotubide bucky-
paper was vacuum dried in a vacuum oven at 110 °C overnight.

Sonicated SWCNT buckypaper

A control SWCNT buckypaper, used for comparison, was pre-
pared via sonication. 7 mg of raw SWCNT powder were mixed
with 4.7 ml DMAc and sonicated for 2 hours using 35 W
ultrasonic bath. The resulting suspension was filtered through
a PTFE filter membrane (0.1 um) and washed with DMF, water
and ethanol, respectively. Finally, the sonicated SWCNT bucky-
paper was dried under vacuum at 110 °C overnight.

Morphological and structural characterizations

The morphologies of the as-synthesised materials were charac-
terised by field-emission scanning electron microscopy (SEM,
Sigma 300). SEM samples were dried at 100 °C overnight in vacuum
oven to remove humidity and then fixed on Al stubs using carbon
tabs (Agar Scientific Ltd, Essex, UK). The samples were analysed
with an InLens detector, using an accelerating voltage of 5 keV, 30
um standard aperture and 4.5 mm working distance. The chemical
composition on the surface of the materials was characterised by
X-ray Photoelectron Spectroscopy (XPS). All XPS spectra were recorded
using a K-alpha" XPS spectrometer equipped with a MXR3 Al Ko
monochromated X-ray source (Av = 1486.6 €V). The X-ray gun power
was set to 72 W (6 mA and 12 kV). Charge compensation was
achieved using the FG03 flood gun using a combination of low
energy electrons and the ion flood source. Samples were etched using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the standard EX06 argon ion source using 500 V accelerating
voltage and 1 pA ion gun current. Survey scans were acquired
using 200 eV pass energy, 1 eV step size and 100 ms (50 ms x 2
scans) dwell times. All high resolution spectra (C 1s, and O 1s)
were acquired using 20 eV pass energy, 0.1 eV step size and
1 second (50 ms x 20 scans = 1000 ms) dwell times. Samples were
prepared by pressing the sample onto double side sticky carbon-
based tape. Pressure during the measurement of XPS spectra was
<1 x 10~® mbar. Casa XPS software (version 2.3.16) was used to
process the data. The quantification analysis was carried out after
subtracting the baseline using a Shirley or two point linear back-
ground. All XPS spectra were corrected by referencing the fitted
contribution of C-C graphitic like carbon in the C 1s signal at
284.5 eV. N, adsorption-desorption analyses were performed with
a Micromeritics Tristar 3000 analyser. The surface areas were
calculated according to the Brunauer, Emmett and Teller (BET)
equation from the adsorption isotherm in p/p, range between 0.02
and 0.3. The pore-size distribution of the samples was estimated
from desorption branch using the Barrett, Joyner, and Halenda
(BJH) method. Thermogravimetric analysis (TGA) was run on a
Mettler Toledo TGA/DSC1 with lidded 70 pl alumina pans,
manually removing a premeasured background. The samples
were heated from 30 to 100 °C at 45 °C min ™" before holding for
1 h at 100 °C (to remove residual solvents), then ramped at
10 °C min~" to 900 °C in a flow of 60 ml min~" of air. Raman
spectra of samples were measured using a Renishaw inVia
confocal Raman spectrometer equipped with a 633 nm excita-
tion laser source; mapping measurements were carried out
using the Streamline mode (between 500-1000 spectra over at
least 3 different areas to reduce the effect of sample hetero-
geneity). The exposure time was 10 s with a laser intensity of
3.2 mW and grating 1800 1 mm™'. WiRe (v4.1, build 4308)
software was used to calculated Ip/Ig ratios after automatic
background subtraction, to perform curve fitting of the D and G
peaks and plotting the intensity ratio of D peak maximum to G
peak maximum. The electrical conductivity was measured
using Jandel four point probes with 1 mm needle spacing and
300 um diameter. The apparatus is connected with Keysight
34410A digital multimeter to interpret the measured resistance.

Electrochemical evaluation

The electrochemical properties of the as-synthesised electrodes
were evaluated using a Gamry Instruments Interface 1000
potentiostat/galvanostat/ZRA, run with Gamry Instruments Frame-
work™ (v.6.24). For three electrode system measurements, 1 cm?
(1.3 mg) electrodes were tested in 1 M H,SO, at room temperature
using Ag/AgCl as a reference electrode and Pt wire as a counter
electrode. Cyclic voltammetry (CV) was performed at various scan
rates from 10 to 500 mV s " and potentiostatic electrochemical
impedance spectroscopy (EIS) performed by applying a sinusoidal
signal of 10 mV in the range of frequencies from 1 mHz to 100 kHz.
Further details of the data analysis are provided in the ESL}

Fabrication of symmetric device

The BC nanopaper separator was produced from nata de coco,
following a procedure reported elsewhere.***> BC nanopapers with

Mater. Adv.,, 2021, 2,1981-1992 | 1983
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thicknesses of 7 pm were soaked overnight in 1 M H,SO, and
[EMIM][TFSI] for aqueous and ionic liquid supercapacitors, respec-
tively. A conventional cellulose paper (70 pm), used for comparison
with BC nanopaper, was also soaked overnight in 1 M H,SO,.
Devices were then assembled by sandwiching the separator between
identical circular (10 mm diameter) SWCNT electrodes in Swagelok
cell. The electrochemical properties of as-fabricated full cell devices
were evaluated by EIS and galvanostatic charge-discharge (GCD) as
a two electrode system. GCD was performed at current densities
varied from 1 to 100 A g~ and cyclic stability tests (1-50 000 cycles)
were completed via the GCD technique applying current density at
5 A g~ . Further details of the data analysis are provided in the ESL{

Results and discussion
Electrode optimisation (half-cell)

In this study, a new type of buckypaper was successfully produced
via reductive dissolution and subsequent filtration of charged
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SWCNTs (here called ‘nanotubide buckypaper’). To optimize the
solubilisation and functionalization, nanotubide solutions were
prepared with SWCNT/DMAc concentrations [C] in the range of
1 to 4 mg ml~* and molar carbon to sodium (C: Na) ratios in the
range of 5:1 to 15:1. SEM images (Fig. Sla-d, ESIt) show that
uniform, highly porous networks were formed by filtering nano-
tubide solutions with concentrations from 1 to 2.5 mg ml "
However, above 3 mg ml ", evidence of agglomeration appeared
(Fig. S1e and f, ESIt), consistent with the expected solubility limit
of Tuball nanotubide in DMAc."> The SEMs also indicate that
the quality of nanotubide dispersions decreased when C:Na
increased from 5:1 to 15: 1, consistent with insufficient Coulombic
repulsion and selective dissolution (Fig. S3a—e, ESIt)." In order to
benchmark nanotubide buckypaper against more conventional
methods, a control was prepared by dispersing SWCNTs in DMAc
using sonication at 1.5 mg ml ' (0.125 M). This electrode was
compared with the purified nanotubide buckypaper prepared at the
same concentration ([C] = 1.5 mg ml~ ") and an intermediate charge
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Fig. 1 SEM images of (a) sonicated SWCNT buckypaper and (b) nanotubide buckypaper ([C] = 1.5 mg ml™%, C:Na = 10:1). Comparison of sonicated
SWCNT buckypaper and nanotubide buckypaper (IC] = 1.5 mg ml™%, C:Na = 10:1) by (c) BET N, adsorption—desorption isotherms, (d) pore size
distribution (PSD) and (e) XPS survey scans. (f) Electrical conductivity of nanotubide and sonicated SWCNT buckypapers compared to other SWCNT

buckypapers in the literature 23234
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ratio (C:Na =10:1). Under SEM, the sonicated SWCNT buckypaper
showed an agglomerated structure with impurities bound on the
surface (Fig. 1a); in sharp contrast, the structure of nanotubide
buckypaper contains a network of highly dispersed SWCNTs
bundles (Fig. 1b). Nitrogen adsorption isotherms (Fig. 1c) were
used to measure the surface area and pore size distribution crucial
to EDLC performance. Specific surface areas (SSAs) calculated
through the BET model showed an improvement for the nano-
tubide system (412 m* g~ ') compared to the sonicated control
(327 m*> g "). In addition, the nanotubide paper showed a
narrower range of pore sizes (Fig. 1d), predominantly mesopores
between 10-50 nm; the sonicated paper showed a broad range of
micro-, meso- and macroporous structures. Ion-wall interactions
slow ion transport in the micropores, in pore-diameter-dependent
fashion.*® Pore diameters larger than 10 nm are considered
sufficiently large to neglect ion-wall interactions, leading to fast
ion transport, at low resistance, equivalent to bulk electrolyte.>*®
The predominance of the mesopores in the nanotubide buckypa-
per (maximum PSD peak at 30 nm) therefore implies a low ionic
resistance; the narrow mesopore distribution is expected to lead to
more efficient pore utilization.’*** On the other hand, in the
sonicated SWCNT buckypaper, the significant fraction of micro-
pores is expected to limit ion transport and hence power storage
characteristics.*>** The electrical conductivity of nanotubide
paper (433 S em ™" at 0.34 g cm ™) was significantly higher than
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the sonicated SWCNT paper (110 S cm ™" at 0.33 g cm ™) and other
SWCNT buckypapers in the literature (Fig. 1f). A higher degree of
individualisation, and the retention of longer SWCNTs, is expected
to increase conductivity.>*** Notably, the conductivity is the high-
est for the optimal dispersion conditions (Fig. S2d and S4a, ESIf).
In addition, following reductive purification, the proportion of
amorphous carbon and defective nanotubes is lowered."

To optimise the electrochemical performance, buckypapers
were produced from nanotubide solutions at different charging
ratios (C:Na). Within the aqueous potential window (0 V to
1.1 V), all the electrodes exhibited rectangular CVs, characteristic
of EDLC of SWCNTs (Fig. 2a),*> with minor, broad redox peaks
around 0.4 V related to the pseudo capacitive behaviour of
hydroxyl and carboxylic groups noted in the XPS (Fig. S3f, ESIt).
The gravimetric and volumetric capacitances were both maxi-
mised for the nanotubide electrode obtained at C:Na = 10:1
(Fig. 2b). To explore the losses in more detail, characteristic
Nyquist plots (Fig. 2c) were derived from EIS. At high-frequency,
the semi-circular region denotes a significant resistive contribu-
tion where the minimum intercept on the x-axis indicates the
equivalent series resistance (ESR) and the diameter of the
semicircle relates to charge transfer resistance (R.).*° The ESR
combines resistive contributions from the electrode material,
electrolyte and contact resistance.’”*® The optimal (lowest) ESR
for the nanotubide electrodes is shown at C:Na equal to 10:1.
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Fig. 2 Half-cell electrochemical performance, in 1 M H,SO4, of nanotubide buckypapers prepared from solutions at a given sodium concentration, or
equivalent C: Na ratio: (a) CV curves at 50 mV s~ (b) gravimetric and volumetric capacitance of (a) normalised to the mass and volume of active

electrode; (c) Nyquist plots and (d) ESR and the Ip to /g ratio derived from
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At other C: Na ratios, ESR is increased, presumably due to poorer
SWCNT dispersion/individualisation, as inferred from the SEM
images (Fig. S3d and e, ESIY), electrical conductivity (Fig. S4a,
ESIT) and capacitance data (Fig. 2b). As noted above, networks of
individualised SWCNTs offer high conductivity, and minimise
resistive losses within agglomerated/bundled regions. The trend
may be reinforced by the quality of the SWCNTs,*® since the
purification is expected to be most effective around C:Na=10:1,
as confirmed here by the Raman spectroscopy (Ip/Ig values
(Fig. 2d)). The high frequency semicircle was fitted with an
equivalent circuit to calculate R (Fig. S4b, ESIT) which relates
to the ease of electrochemical interactions at the electrode
surface.’>”" R, for C:Na at 5:1 is significantly higher than the
other electrodes (Table S1, ESIt) and correlates with a higher I/
I ratio from Raman spectroscopy (Fig. 2d), suggesting that, in the
presence of excess NaNp charging agent, the carbon framework
begins to be damaged. The optimum nanotubide ([C] = 1.5 mg ml ™",
C:Na = 10:1) electrode was then compared with the sonicated
control, under the same conditions, in a 3-electrode cell. Both
electrodes exhibited similar rectangular CV curves, typical of
classic EDLC behaviour (Fig. 3a), with only a small feature
associated with redox of the oxygen-groups already noted in
the XPS (Fig. 1e). As the scan rate increased to 500 mV s, the
CV curve of sonicated SWCNT buckypaper presented a more
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resistive shape while CV curve of nanotubide buckypaper retains
a quasi-rectangular shape with more modest distortion (Fig. 3b),
highlighting the desired high power capability.>*

The much larger area under the CV curve for the nanotubide
buckypaper highlights the significantly increased capacitance
values, reaching 218 F g~ (74 F cm™?), as compared to 82 F g~ '
(10 F em™?) for the sonicated SWCNT buckypaper (Fig. 3c). The
gravimetric performance of the nanotubide buckypaper, here,
is particularly high, compared to previous studies of carbon
based buckypaper electrodes (Table S3, ESIt). The improve-
ment is attributed to greater SWCNT individualisation
providing larger surface area with suitable mesopores for ion
adsorption, within a relatively dense buckpaper, at the same
time as retaining a high aspect ratio, graphiticity, and electrical
conductivity. Nyquist plots (Fig. 3c), derived from EIS data,
show typical, excellent, EDLC responses. At low frequency, the
Nyquist plot of nanotubide buckypaper exhibits a nearly
vertical line, close to an ideal supercapacitor.”® The ESRs of
sonicated SWCNTs and nanotubide buckypapers are 1.71 and
0.69 Q, respectively, showing a relative trend in good agreement
with the electrical conductivity data (Fig. 1f). The lower R, of
nanotubide buckypaper (0.32 Q) compared to the sonicated
SWCNT electrode (1.33 Q) is consistent with an improved pore
structure.
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Fig. 3 Half-cell electrochemical performance, in 1 M H,SO,4, comparing

optimised nanotubide buckypaper to a conventionally processed control:

(a) CV curves at 50 mV s, (b) CV curves at 500 mV s, (c) gravimetric capacitance as a function of scan rate normalised by mass of active electrode and

(d) Nyquist plots.
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Symmetric supercapacitors (aqueous)

Having optimised the electrode material, using half cell measure-
ments, symmetric full cell devices were assembled in a Swagelok
system, using two optimised nanotubide electrodes. Two
separators were compared: a bacterial cellulose (BC) nano-
paper’® (7 um thick), produced in-house, and a conventional
cellulose paper (70 um thick). The full cell EIS showed a classic
high frequency semi-circle and capacitive response at low
frequency (Fig. 4a). The exceptionally thin BC separator, provided
a significant reduction in both ESR and R of the symmetric
device, attributed to a shorter ion diffusion distance through the
BC separator, despite a more modest porosity.

For the GCD curves at 1 A g ' (Fig. S5a, ESIf), full cell
devices with both BC nanopaper and cellulose separators show
an approximately triangular shape typical of EDLC behaviour™
with negligible IR drop (around 0.001 V for BC nanopaper and
0.002 V for cellulose, respectively), correlating with a high
coulombic efficiency (>93%, Fig. S5d, ESI{). At high current
density (100 A g '), the IR drop is naturally much more
obvious, for the devices with both BC (0.07 V) and cellulose
(0.14 V) separators (Fig. 4b). Interestingly, using BC nanopaper
as separator significantly reduced the IR drop and associated
losses. Many studies calculate the gravimetric capacitance of
full cell devices normalised to the total mass of the two active
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electrodes. This calculation can provide a comparative indica-
tion of the intrinsic performance of the active material, where
half-cell measurements are not available. In line with the earlier
3-electrode measurements, the performance of the nanotubide
buckypaper device remains similar/better than examples in the
literature, when compared on a 2-electrode basis (Table S4,
ESIT). However, the data (Fig. 4c) again show that the type of
separator has a significant effect, especially at higher discharge
rates. The intrinsic specific capacitance for electrode materials
is best derived from three-electrode measurements involving
the reference and counter electrodes. However, it is useful to
compare the performance of active materials in the 2-electrode
full cell system with the 3-electrode system, in order to establish
how much of the intrinsic material performance has been
realised. From this perspective, the maximum symmetric cell
capacitance should be one quarter that of the half-cell gravimetric
performance, where both are normalised to active electrode mass
(the multiplier of 4 accounts for the series capacitance of the two
electrodes and their combined mass).”> In fact, the full cell
capacitance from a two-electrode measurement will be lower
due to differential polarisation at the anode and cathode, and
other effects such as the higher resistance associated with a
separator and limited electrolyte access due to the presence of
solid current collectors and a separator.”®>” Here, the full cell
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Fig. 4 Full-cell electrochemical performance of aqueous symmetric supercapacitors using nanotubide buckypaper electrodes sandwiched with BC
nanopaper (black) and cellulose (orange) as separators: (a) Nyquist plots and (b) GCD curves at 100 A g7, (c) the calculated gravimetric capacitance
normalised by both active material (straight line) and total mass of device (dash line) and (d) volumetric Ragone plots normalised by total mass of device.
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performance is around half of the theoretical maximum indicated
by the 3-electrode value (Fig. 3c and Fig. S5b, ESIt), which is quite
promising given the lack of cell optimisation. There is significant
scope for further improvement in the full cell performance, for
example, by adjusting relative anode/cathode masses, absolute
electrode thickness, and/or the selection of electrolyte.>*>°

A more relevant approach to evaluation for practical applica-
tion, is to normalise the electrochemical performance to the
full mass and volume of the cell, as an estimate of the
anticipated energy/power density of future devices. The present
device is still a lab test cell, but its performance was normalised
by the total mass and volume of device. A more developed
device would still require current collectors and encapsulation,
but these components represent a relatively small additional
contribution; in any case, given the high conductivity of the bucky-
papers, it might be possible to avoid current collectors in certain
device geometries. By this measure, the performance of the BC
separator device is very encouraging, as summarised by the volu-
metric (Fig. 4d) and gravimetric (Fig. S5c, ESIf) Ragone plots,
reaching an energy density of 1.2 mWh cm ™ (1.4 Wh kg™ ') at a
power density of 174 mW cm™> (194 W kg™ '). The energy density
only drops by 25% at 100 A ¢~ " maintaining 0.9 mWh cm™> (1 Wh
kg™ ') at a power density of 16.4 W cm > (18.2 kW kg™ ). Note that
the power density, here, is derived from the energy density over the
discharge time (E/£), which is a more practical measure than the
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(much larger) theoretical peak power that can be estimated from
V?/(4 x ESR); these two measures should be carefully distinguished,
although not all literature does so. To illustrate this difference, the
peak power here, calculated from V?/(4 x ESR), reaches as high as
303 kW ke~ ' when normalized by mass of active materials and
107 kW kg~ normalized by total mass of the device. Using the more
modest, but representative E/t measure, the Ragone plots (Fig. 4d)
nevertheless again highlight the advantage of the BC separator
over the conventional cellulose, in good agreement with the
decreased R, and IR drop (Fig. 4a and b). The high overall rate
capability of the device is attributed to the good ion transport in
both the nanotubide buckypaper and the BC separator.

In addition to enhancing transport, the thin separator
minimises the parasitic mass and volume associated with the
separator and the electrolyte that fills it. To evaluate long-term
electrochemical stability of the device based on nanotubide
buckypaper, a cyclability GCD test was performed over 50 000
cycles at 5 A g~ (Fig. 5a). The Coulombic efficiency in the first
cycle approached 100% and remained above 98% after 50 000
cycles, demonstrating a high electrochemical reversibility and
structural stability of electrode materials.®>°! Surprisingly, the
absolute capacitance continued to increase, reaching 112% of
the initial value after 50000 cycles (Fig. 5a). One possible
explanation is that electrolyte (electro)wetting of increasingly
debundled SWCNTs improves ionic access into the electrode
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stability test. (c) XPS and (d) Raman spectra of the as-fabricated nanotubid
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pores.®” However, in the current system, a stronger effect seems
to derive from a pseudocapacitive redox contribution.

Comparison of CV curves before and after cyclic stability
testing shows a decrease of the small redox peaks around 0.4 V
due to deoxygenation (Fig. 5b).*®®* more importantly, redox
peaks close to 0 V were observed in the CV curve after 50 000
GCD cycles. To explore the origins of these peaks, the washed
and dried positive and negative electrodes were studied with XPS
and Raman spectroscopy after the cyclic stability test. The XPS
surveys (Fig. 5c) show presence of two peaks at 164 and 229 eV
attributed to sulphur (S 2p and S 2s, respectively), detected on
both positive and negative electrodes due to possible adsorption
of HSO,~ and SO,>~ from the electrolyte.*>®* The Ip/Is of both
positive (0.048) and negative (0.023) electrodes increased slightly
after cycling compared to the initial value before electrochemical
test (0.014), which may be related to sulphate functional groups
grafting on the electrode surface (Fig. 5d). In addition, to the
increased effective area, due to sulphate intercalation, grafted
sulphate functional groups may increase the capacitance by
contributing pseudocapacitive behaviour.5*°®

Symmetric supercapacitors (ionic liquid electrolyte)

Given the excellent performance in aqueous electrolyte, the
symmetric device based on nanotubide buckypaper and BC
nanopaper separator was tested further, in [EMIM][TFSI] ionic

© 2021 The Author(s). Published by the Royal Society of Chemistry

liquid electrolyte. The use of ionic liquid was expected to
improve the wetting of the SWCNT electrodes, while enhancing
electrochemical window of the supercapacitor device.®”®®
The Nyquist plot (Fig. 6a) gives ESR and R, of 3.9 and 3.6 Q,
respectively, confirming good conductivity and ion transport in
the nanotubide buckypaper, although with some decrease in
performance relative to the aqueous system, as expected due to
lower mobility in the ionic liquid.®®*”® The CV curves for the
as-fabricated device have a stable butterfly shape (Fig. S6, ESI)
and the GCD curves show a complex response (Fig. 6b). Similar
behaviour has been previously reported for SWCNTs-based
materials, attributed to quantum capacitance contributions:
the capacitance follows the density of states (DOS) near the
Fermi level which manifests in dependence of capacitance on
voltage.”"””* The effect is more obvious in the broader voltage
range available in ionic liquid. The calculated electrochemical
performance from GCDs, normalised by the total volume and
total mass of full device reaches 2.2 mWh ecm > (2.6 Wh kg™ ") of
maximum energy density and 8.3 W em™® (10.2 kW kg™') of
maximum power density. As-fabricated, the symmetric ionic
liquid device has twice the volumetric energy density of the
aqueous device, due to the enhanced electrochemical window
(Fig. 4d and 6c). Additionally, the electrochemical performance
normalised by the mass and volume of the active material remains
high, with energy density of 8.8 Wh kg™" (2.3 mWh cm™®) and

Mater. Adv., 2021, 2,1981-1992 | 1989
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specific power of 34 kW kg™ (9.1 W cm?). The cyclic stability of
symmetric ionic liquid device was good, retaining 81% capaci-
tance after 50 000 cycles (Fig. 6d). However, the stability is lower
than the aqueous system due to greater voltage range, combined
with the tendency for electrolyte decomposition or other side
reactions after long term cycling.”*”> The increase after the first
3000 cycles may again relate to electrochemically driven swelling”®
or grafting of redox active species.**®>°®

Conclusions

In summary, SWCNT buckypapers were successfully synthe-
sised via reductive charging with sodium naphthalide. This
method improves the individualisation of SWCNTs without
damaging their structure, while contributing additional purifi-
cation. The carbon and sodium concentrations in the precursor
mixture play major role on the dissolution process and hence
the resulting buckypaper structure and electrochemical perfor-
mance. The optimised concentrations of carbon and sodium
were 0.125 M and 12.5 mM, respectively, similar to optimums
identified for chemical modification. These intermediate
values likely reflect the balance of Coulombic repulsion and
charge condensation effects, known in more conventional
polyelectrolytes.'” The optimised nanotubide buckypaper provided
a specific surface area of 412 m* g, good electrical conductivity of
433 S em ™! and significantly better electrochemical perfor-
mance, compared to previous studies of carbon-based bucky-
paper electrodes. In combination with its intrinsic scalability,
avoiding ultrasonication or ultracentrifugations, reductive pro-
cessing is a promising candidate for energy storage applica-
tions. The development of BC nanopaper provides a new,
simple and thinner separator which decreases resistive loses
and maximises volumetric performance in a configured full cell
device. The BC separator also readily prevents short circuits
between the two electrodes and provides a high device effi-
ciency with long cycle life. BC is widely available as a starting
material (the raw material is typically consumed as a foodstuff).
BC papers are, therefore, promising electrochemical separators
for use in practical applications, in a wide range of devices.

The symmetric nanotubide buckypaper supercapacitors in
both aqueous and ionic liquid electrolytes achieve high gravi-
metric and volumetric performances compared to other sym-
metric devices based on CNT buckpapers, in the literature
(Table S4, ESIt). Therefore, the reductive charging strategy is
a promising approach for high-performance energy storage
devices with simple paper electrodes. Further optimisation of
electrode thickness, electrolyte, and cell balance will improve
performance further. In addition, the wide range of nanotubide
chemistry will provide a convenient route to produce hybrid redox-
active SWCNT electrodes in the future, for supercabatteries,”” with
enhanced energy density.
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